Corrosion of metallic oilfield pipelines by microorganisms is a costly but poorly understood phenomenon, with standard treatment methods targeting mesophilic sulfatereducing bacteria. In assessing biocorrosion potential at an Alaskan North Slope oil field, we identified thermophilic hydrogen-using methanogens, syntrophic bacteria, peptideand amino acid-fermenting bacteria, iron reducers, sulfur/thiosulfate-reducing bacteria and sulfate-reducing archaea. These microbes can stimulate metal corrosion through production of organic acids, CO 2 , sulfur species, and via hydrogen oxidation and iron reduction, implicating many more types of organisms than are currently targeted.
Introduction
The U.S. possesses a network of over 2.3 million miles of pipelines that transmit about 75% of the nation's crude oil and 60% of refined products Full_Report.pdf), but there is little doubt that these facilities are vulnerable and can deteriorate over time. Through-wall breaches due to corrosion are expensive problems in the oil industry that can result in explosions, product interruptions, hazardous chemical 06-alaskan-oil-field_x.htm). The metabolic activities of microorganisms were implicated in this and other incidents of pipeline failure. In fact, it has long been known that microbes contribute to corrosion by multiple mechanisms (1) (2) (3) , yet biocorrosion is not a well-understood process. There is no consensus on the identity of specific microorganisms responsible for corrosion or how they function to catalyze such incidents, resulting in poorly targeted efforts to monitor and combat biocorrosion. Following the pipeline breach at Prudhoe Bay, we obtained samples from an ANS field to assess the potential for biocorrosion via metabolic indicators and microbial community analysis. The geology and geochemistry of ANS fields have previously been described (4) and subsurface conditions are well within the range for microbial communities to thrive (5) . The facility produces oil, gas and water from multiple anaerobic and hot (average temperature 68°C) reservoirs and is typical of ANS oilfields that collectively have produced up to 16% of the U.S. domestic oil requirements for over 30 years (http://tonto.eia.doe.gov/oog/special/eia_sr_alaska.html). Fluids and gases from multiple production wells are collected in a central facility, from which oil is channeled to the Trans-Alaska Pipeline System. At the facility, low molecular weight hydrocarbons st stage separator and a coalescer), from a pipeline carrying fluids and gas to the CF, treated seawater, and fluids and solids scraped from the inner surface of the pipeline carrying treated seawater. Samples were prepared accordingly for metabolite evaluation or for molecular community analysis (6) .
Bacterial Community Profiling
Despite oil production from several major reservoirs with different geological histories, the facility-wide bacterial community profiles at the ANS field showed striking similarities for three of the high temperature sites. Bacterial communities from production well 2L, the 1 st stage separator (PS) and the coalescer (CO) exhibited a high degree of class-level similarity ( Fig. 1 ; table S1A), and greater levels of genetic diversity and species richness (table S2) than did the archaeal or the other two bacterial libraries.
Ten "core" taxa (defined as OTUs with 97% nucleotide sequence similarity) were found at all three sites and represented over 87% of the bacterial 16S rRNA gene sequences ( Fig. 2 ; table S3). Fig. 2 also illustrates the taxa and number of sequences shared between any two of the sites as well as those unique to each site. The most abundant of the core sequences (2L: 83%, PS: 57%, and CO: 31%) has 97-99% identity to that of Thermovirga lienii (7) . T. lienii is a thermophilic anaerobe isolated from a North Sea oil well and described as a member of the Firmicute family Syntrophomonadaceae.
However, it has also been designated a member of the candidate division Synergistes (8) and sequences similar to those of T. lienii will be designated as "Synergistes" here. In comparison to the 2L and CF samples, the production well 2P bacterial community had much lower diversity and species richness (Fig 1; table S2 ). The dominant (90%) bacterial 16S rRNA gene sequence is similar (97-99%) to that of moderately thermophilic, organic acid-utilizing, nitrate-reducing Petrobacter species (13) . The second-ranked (4.7%) sequence type is similar to T. lienii and sequences similar to the core taxa T. pseudethanolicus and Thermotogales were present in low abundance (table   S1A) . Which specific factors are responsible for the differences are unknown; well head temperatures were similar for 2P and 2L (avg. 48°C and 49°C respectively) with little variation for 9 months prior to sampling, however the wells draw from different formations. Collectively, all well and CF samples strongly resemble anaerobic thermophilic oil reservoir and well communities.
Archaeal Community Profiling
Sequences similar to those of hyperthermophilic Archaea, notably sulfatereducing Archaeoglobus species, methane-producing Methanothermobacter thermautotrophicus, and H 2 S-producing Thermococcus were abundant in the PS, CO, and 2P samples. More than 90% of the archaeal 16S rRNA gene sequences fell into the corresponding three families of Euryarchaeota (Fig. 3 , tables S1B and S4).
Crenarchaeota were only detected in the PS sample, which also exhibited the highest diversity and species richness of the three archaeal libraries ( Most methanogenic sequences were related to those of hydrogen-utilizing
Methanothermobacter species. Hydrogen-utilizing methanogens have been commonly found in hot oil reservoirs (15) . Approximately 12% of methanogenic sequences were 99.8% similar to that of "Methermicoccus shengliensis" (DQ787474, Methanosaetaceae).
"M. shengliensis" strain ZC-1 (16) was isolated from oil-production water and has optimal growth at 65°C. Strain ZC-1 is not an acetoclastic methanogen, unlike other members of the Methanosaetaceae. In contrast to our results, acetoclastic methanogens were by far the most abundant archaea in a heavily biodegraded mesophilic North Slope oil reservoir (9) .
Targeted Cultivation and Seawater Pig Envelope Community Profiling
In agreement with the molecular analysis, M. thermautotrophicus was isolated as the numerically dominant (2.3/mL) hydrogen-using prokaryote from the 1 st stage separator.
A thermophilic Anaerobaculum sp. was the numerically dominant heterotroph cultured from the same sample (17) alkylsuccinates (Table 1) . No signature hydrocarbon metabolites were found in the seawater samples. The identification of methyl-, ethyl-, propyl-and butylsuccinate suggested that the hydrocarbons routinely reinjected during normal oil recovery operations were being biologically oxidized by a fumarate addition reaction in a manner analogous to higher molecular weight n-alkanes (Table 1 ) (22) . The recycling of these gases to help maintain formation pressures occurred throughout the decades-long production history of the formation and we suspect that the requisite organisms were enriched over this long time period.
If the analogy to higher molecular weight n-alkane anaerobic metabolism is accurate, we predict the formation of a series of downstream branched and straight-chain fatty acid metabolites formed as a result of the presumed carbon skeleton rearrangement and subsequent decarboxylation of the alkylsuccinate intermediates (24) . Indeed, the expected downstream metabolites were also found in the same samples from the central facility, but none were found in the seawater samples ( Table 1 ).
The detection of methylsuccinate in conjunction with the other low molecular weight alkylsuccinates is particularly evocative. This finding suggests that fumarate addition may represent an alternative to previously described mechanisms such as reverse methanogenesis for the anaerobic oxidation of methane (25) . Consistent with an alternate hypothesis, the methanogen and ∂ proteobacterial sequences were dissimilar to the genera described in other environments undergoing anaerobic methane oxidation (26). Our results suggest that temperature and hydrocarbon utilization are primary factors governing microflora species composition at the ANS facility. Contrary to the emphasis placed on mesophilic bacterial SRB by standard biocorrosion monitoring procedures, many of the organisms detected using molecular techniques and targeted isolation are thermophilic bacteria capable of reducing various sulfur oxyanions or hyperthermophilic sulfate-reducing archaea that produce H 2 S. Methanogenic, fermentative, H 2 -producing and H 2 -utilizing physiologies were also common, unlikely to be detected using standard techniques, and could likewise stimulate corrosion. The similarity of core taxa in these samples and those from other thermophilic oil reservoirs and wells suggests that hydrocarbon-degrading, potentially corrosive microbes found in oil reservoirs will readily inoculate and proliferate in oil production facilities maintained at compatible temperatures. Such similarities also imply that pipeline integrity management programs might be able to differentially target a relatively few core taxa.
Implications for Biocorrosion
The detection of putative low molecular weight alkane metabolites throughout the hot oilfield facilities suggests that anaerobic hydrocarbon biodegradation is inherent and likely involved in supporting biocorrosive biofilms. Indeed the formation of relatively high concentrations of alkylsuccinates (Table 1 ; µM vs nM concentrations more typically found in fuel-contaminated aquifers, 22) allows us to postulate that such acidic intermediates can directly contribute to biocorrosion processes. The subsequent metabolism of the compounds would eventually form acetate and CO 2 , microbial products known to exacerbate corrosion of pipeline surfaces (3, 27) . Thus, these findings support the hypothesis that anaerobic hydrocarbon biodegradation processes in the oilfield environment can be an important factor in microbial influenced corrosion. 
Enrichments and isolation
General heterotrophs were enumerated in anaerobic half-strength tryptic soy broth (Becton, Dickinson and Co.) plus 1% NaCl under a N2:CO2 atmosphere in a MPN assay (13) . Hydrogen oxidizers were enumerated in an anaerobic, reduced basal medium under a H2:CO2 atmosphere (13) . SRB were enumerated in a medium designed for rapid quantitation (13). One sequence from each operational taxonomic unit (OTU) at the 97% level of similarity as defined by DOTUR (10) was chosen from among the sequences in that OTU and its taxonomic affiliation and closest GenBank match was determined. Representative sequences are named with the first two letters indicating the sample origin, the following
